We estimate a New Keynesian Phillips curve (NKPC) in Japan, focusing on the measurement of real marginal cost (RMC). Especially, we correct labor share by taking account of two kinds of labor market frictions: (i) labor adjustment costs and (ii) real wage rigidity. Our results show that the consideration of these labor market frictions greatly improves the fit of Japan's NKPC. Furthermore, if we additionally incorporate materials prices in the calculation of RMC, then the fit of the NKPC is further improved. Our most important finding is that the conventional backward-looking component is no more needed to explain Japan's inflation dynamics if we use a corrected measure of RMC.
Wolman (1999).
The rest of this study is organized as follows. In Section 2, we present the form of the NKPC under alternative measures of RMC. In Section 3, we estimate the NKPC by using Japanese data. In Section 4, we examine the role of a backwardlooking component in explaining Japan's inflation dynamics. In Section 5, we give concluding remarks.
The NKPC under Alternative Measures of RMC
In this section, we present the form of the NKPC under alternative measures of RMC.
The Benchmark NKPC
To derive the NKPC as simply as possible, we introduce Rotemberg's (1982a,b) quadratic price adjustment cost function. The representative firm sets the price (P t ) to minimize the discounted sum of the quadratic price adjustment costs as follows:
where P * t is the optimal price at t under flexible prices. Under monopolistic competition, P * t is given by
where μ is the so-called desired markup (or equilibrium markup ), which is determined by the competitiveness of the goods market, and MC t is the nominal marginal cost.
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If the nominal marginal cost is given, then firms' cost minimization yields the 4 NKPC as follows:
where π t is the inflation rate and RMC t i st h er e a lm a r g i n a lc o s t( RMC t ≡
MC t P t
).
In estimating the NKPC, we need to have the proxy for RMC. Consider the following aggregate production function, which is isoelastic with respect to the aggregate labor input (L t ):
where Y t is the aggregate value added and A t is the exogenous shift factor.
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Suppose that firms do not incur any adjustment cost in changing the number of labor input. Then, the real marginal cost is simply calculated as follows:
where W t is the nominal wage rate and S t is labor share (S t ≡ W t L t P t Y t ). Therefore, RMC becomes proportional to labor share.
From (3) and (5), the NKPC is expressed as follows:
We regard (6) as the benchmark representation of the NKPC.
The NKPC with Labor Market Frictions
Next, we derive the representation of the NKPC in the presence of two kinds of labor market frictions, such as (i) labor adjustment costs and (ii) real wage rigidity.
Suppose that, at period t, the representative firm incurs nominal adjustment costs 5 (defined as Ω t ) in changing the number of workers. Rather than specifying the exact form of Ω t , we only assume that Ω t is a differentiable function of current and past labor input (Ω t = Ω t (L t ,L t−1 ,L t−2 , ···)). 6, 7 Since Ω t inter-temporally depends on labor input, the firm's cost-minimization problem becomes dynamic. Then RMC at period t is calculated as follows:
where L * t is the optimal number of workers under flexible prices. Note that, except for the special case where the sum of discounted marginal labor adjustment costs is zero (
| L t+k =L * t+k ∀ k´= 0 ), RMC does not generally correspond to labor share. Therefore, to obtain a proxy for RMC, we need to have the information on the sum of discounted marginal labor adjustment cost.
In the case of Japan, we can obtain this information from the survey data of Japanese firms. Figure 1 shows the diffusion index of employment (employment DI) in the Bank of Japan's Short-Term Economic Survey of Enterprises in Japan (called the TANKAN Survey). 8 The employment DI shows the net percentage of firms which consider that the current number of workers is excessive. As this series indicates, there has been a substantial labor gap,w h ic hisd e fined as the deviation of the actual number of workers from the optimal number of workers, for many periods. We view that the series of labor gap implies the presence of labor adjustment costs based on the reasoning that the firms can always attain the optimal number of workers if labor adjustment costs are absent. Therefore, we utilize this information to estimate the size of labor adjustment costs.
To utilize the series of the labor gap in estimating labor adjustment costs, we need to specify the process of real wage determination because the theoretical relationship 6 between the labor gap and labor adjustment costs crucially depends on this process.
In this respect, we take account of the presence of real wage rigidity, by introducing the partial adjustment process of real wages, which is adopted by Blanchard and Galí (2007) and Christoffel and Linzert (2005):
In (
is the representative household's marginal rate of substitution (MRS) between consumption and labor supply under the standard instantaneous
. ρ characterizes the degree of real wage rigidity. Except for the limiting case of perfectly flexible real wage (ρ =0), real wage becomes more sluggish than MRS. 9 Blanchard and Galí (2007) explain that the specification is "an admittedly ad-hoc but parsimonious way of modeling the slow adjustment of wages to labor market conditions". Note that, in Appendix C, we check the robustness of our analysis by introducing a micro-founded model of staggered real wage setting, which is presented in the Appendix B of Blanchard and Galí (2007) .
Under the process of (8), we can show that RMC in the presence of labor market frictions is calculated as follows (see Appendix A):
where LGAP s t is the labor gap under sticky prices and B is backshift operator.
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By substituting (9) into (3), we obtain the following representation of the NKPC 7 in the presence of labor market frictions:
2.3 The NKPC with Labor Market Frictions and Materials
Prices
So far, we have not explicitly considered the influence of materials prices in the calculation of RMC. However, Nickell (2000, 2005) show that, if production technology requires a certain amount of materials to produce one additional unit of gross output, materials prices might influence RMC on value added.
They consider the following production function of gross output:
where Q t is gross output and M t is material input, each is represented in real terms.
(11) is the standard Leontief production technology of gross output, in which value added and material input are perfect complements. The unique contribution of Nickell (2000, 2005) is the introduction of (12) . (12) means that the required ratio of material input to gross output (m) depends on the level of gross output (Q t ).
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In this setup, Nickell (2000, 2005) show that RMC addition-8 ally includes the following term:
where P M,t is the price of materials and ε m is the elasticity of M t /Q t to Q t .
Then, the representation of the NKPC is modified as follows:
3 Estimating Japan's NKPC 
The Benchmark NKPC
Firstly, we apply the PVM for the estimation of the benchmark NKPC. In the PVM, we estimate the closed form solution of the NKPC. The closed form solution of the benchmark NKPC (6) is given by:
To construct the discounted sum of the expected (log of) labor share, we develop an auxiliary VAR as follows:
where Z t is the vector of endogenous variables, A is a parameter matrix, and ² t is the vector of exogenous shocks. (16) represents a general form of VAR. As for the benchmark NKPC, we assume that Z t includes ln S t as the first variable.
The discounted sum of the expected (log of) labor share can be written as:
where e 0 1 is a vector with one in the first row and zeros elsewhere. Then, the closedform solution of the NKPC is re-expressed as
where
. This is the estimation form of the benchmark NKPC. We can simply estimate (18) by ordinary least squares (OLS).
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In estimating the auxiliary VAR, we select some specifications of Woodford (2001) and Rudd and Whelan (2005) . Put concretel y ,w eu s eo n eu n i v a r i a t em o d e l ,w h i c h only includes the (log of) labor share, and two multivariate models, which additionally introduce the growth rate of unit labor cost and inflation rate. 15 In Figure 2 , we can graphically confirm the poor fit of the benchmark NKPC. It cannot explain the inflationary pressure in the late 1980s and the deflationary trend since the beginning of 1990s.
This finding raises two possibilities. The first is that the NKPC is not a suitable model to explain Japan's inflation dynamics. The second is that the NKPC does not fit well only because labor share is not a good proxy for RMC. In the following, we examine the latter possibility.
The NKPC with Labor Market Frictions
In Section 2.2, we have derived the representation of the NKPC in the presence of labor market frictions as (10). Since we regard that the series of employment DI (denoted as EDI t ) corresponds to the labor gap under sticky prices, we can introduce the following relationship:
where δ is a scaling parameter.
As in the previous subsection, we apply the PVM for the estimation of the NKPC with labor market frictions. In doing so, we replace the matrix Z t in (16) to include ln S t as the first and EDI t as the second variable. Then, the closed-form solution of (10) is represented as follows:
2 is a vector with one in the second row and zeros elsewhere. Notice that this estimation form has a parameter restriction in a nonlinear way. Therefore, we must estimate it by nonlinear least squares (NLS). The combinations of endogenous variables in VAR are the same as in the previous subsection. Table 2 shows the estimation results of (20) . Compared to Table 1 , we find that the fit of the NKPC is improved in every specification of VAR. The estimates of ρ are larger than 0.9, which implies that real wages are quite rigid in Japan.
Interestingly, these values are almost the same as the autocorrelation coefficient of t h eU . S .e c o n o m y ' sa g g r e g a t ew a g em a r k u p( t h ed i fference between real wage and MRS), which is estimated by Galí, Gertler, and López-Salido (2007) as 0.94 or 0.95. Therefore, the estimated ρ could be regarded as reasonable. Figure 3 shows that the consideration of real wage rigidity remarkably improves the performance of the NKPC.
Thus, the results in this section show that, if we correct labor share by incorporating two kinds of labor market frictions: (i) labor adjustment costs and (ii) real wage rigidity, the NKPC can explain Japan's inflation dynamics remarkably well.
The NKPC with Labor Market Frictions and Materials Prices
Here we estimate Japan's NKPC by additionally incorporating the influence of materials prices on RMC. As is shown in (13), the influence (ζ)d e p e n d so nt h ev a l u e of the elasticity ε m . To check the importance of ζ t , we estimate the elasticity ε m . Table 3 shows the estimation results for ε m .S i n c eε m is significantly larger than zero (ε m =0.395), the null hypothesis that the level of Q t does not matter to m is rejected.
Therefore, we must additionally include ζ t in the calculation of RMC.
To apply the PVM, we replace the matrix Z t to include ln(S t + ζ t ) as the first and EDI t as the second variable. Then, the closed form of the NKPC with RMC is 12 modified as follows:
where c 0 '
The estimation results are presented in Table 4 . The fit of the NKPC is further improved over Table 2 for every specification of VAR. Now we do not have noticeable serial correlation in the error term (see Figure 4 for the fit of the NKPC). Therefore, this result suggests that Japan's inflation dynamics are well explained within the framework of the NKPC, if we calculate RMC by incorporating labor market frictions and the influence of materials prices. Put concretely, we estimate the closed form solution of the NKPC ( (18), (20) , and (21)), by additionally including the lagged inflation term. Table 5 shows the estimation results of the benchmark NKPC which includes the lagged inflation term. When we include lagged inflation term, Adj-R 2 ranges from 0.365 to 0.395. These are much higher than Adj-R 2 in the absence of lagged inflation term, which ranges from 0.103 to 0.209 (as in Table 1 ). The coefficient on lagged inflation term (around 0.5) also indicates the substantial role of lagged inflation for the fit of NKPC. In Figure 5 , we observe that, by including the lagged inflation term, the fit of the benchmark NKPC is largely altered. These results indicate that, if we use labor share as the proxy for RMC, a backward-looking component plays an important role in the case of Japan. This is the same situation as in the U.S or the Euro area.
However, the results are dramatically altered by incorporating labor market fric-14 tions. Table 6 shows the estimation results of the NKPC with labor market frictions which includes the lagged inflation term. Adj-R 2 ranges from 0.384 to 0.424. These are not much higher than Adj-R 2 in the absence of lagged inflation term, which ranges from 0.319 to 0.391 (as in Table 2 ). Figure 6 also shows that the inclusion of lagged inflation term only slightly alters the fit of the NKPC. This indicates that the role of lagged inflation becomes less important if we correct labor share by incorporating labor market frictions. Table 4 ). In addition, the coefficient of lagged inflation now becomes quite small (around 0.1) in every VAR specification. Figure   7 also shows that the inclusion of lagged inflation term has almost no influence on the fit of the NKPC. This result implies that lagged infla t i o ni sn om o r en e e d e dt o explain Japan's inflation dynamics if we correct labor share by incorporating labor market frictions and materials prices.
In sum, the results in this section suggest that the role of backward-looking component can be overestimated due to the measurement problem of RMC. Actually, in the case of Japan, we find that the role of a backward-looking component completely disappears if we use the corrected measure of RMC. This implies that, at least in Japan, the observed role of a backward-looking component in the benchmark NKPC can be perfectly explained by the discrepancy between labor share and RMC. This is our most important finding.
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5C o n c l u s i o n s
In this study, we have estimated a New Keynesian Phillips curve (NKPC) in Japan, 
Labor Gap
In this appendix, we derive the relationship between the sum of discounted marginal labor adjustment costs and the labor gap under sticky prices. To do so, we take the following steps. First, we derive the relationship between the sum of discounted marginal labor adjustment costs and the labor gap under flexible prices. Second, we derive the relationship between the labor gap under flexible prices and the labor gap under sticky prices. Finally, we combine these two relationships.
Here we derive the relationship between the sum of discounted marginal labor adjustment costs and the labor gap under flexible prices.
Under the flexible price economy, the optimality condition for the firm is (2).
When labor adjustment costs are relevant, real marginal cost is given by (7). From (2), (4) and (7), we have the following expression of optimal price under flexible prices (in logarithm):
Next, by combining (4) and (8), we have another expression of ln P * t :
ln P *
From (A1) and (A2), we obtain the following condition:
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The condition (A3) holds in the presence of labor adjustment costs. The corresponding condition in the absence of labor adjustment costs is given by:
Then, from (A3) and (A4), we can derive the relationship between the sum of discounted marginal labor adjustment costs and the labor gap under flexible prices, which is defines as LGAP *
As the second step, we derive the relationship between the labor gap under flexible prices and the labor gap under sticky prices. From (4) and (8), we obtain
Firm's optimality condition under price adjustment cost function (1) is given by:
By substituting (A6) and (A7), we can derive the following condition:
where L s t is the optimal number of workers under sticky prices in the presence of labor adjustment costs, and Γ t represents the purely exogenous factor. Similarly, we can derive the condition about the optimal number of workers under sticky prices in the absence of labor adjustment costs (L s t ) as follows:
Define the labor gap under sticky prices as LGAP
Then, from (A8) and (A9), the relationship between LGAP * t and LGAP s t is derived as follows:
Finally, by substituting (A10) into (A5), we obtain the relationship between the sum of discounted marginal labor adjustment costs and the labor gap under sticky prices as follows: This definition assumes that labor share in the self-employed firmsisjustthesame as that in other firms.
As for the material inputs and materials prices, we cannot obtain the quarterly series from SNA. So, we construct a quarterly series of material inputs and the mate- We check the robustness of our results by using a micro-founded model of real wage rigidity, which is derived in Appendix B of Blanchard and Galí (2007) . The model is given as follows:
Thus, this model differs from (8) in that it includes forward-looking expectation (E t ω t+1 ). Using backshift operator (B), (C1) can be rewritten as follows:
where ξ =
.
N e x t ,w ec a l c u l a t eR M C .U s i n g( 2 ) ,( 4 ) , ( 7 ) ,( A 7 ) ,a n d( C 2 ) ,w eo b t a i nt h e following relationship between the marginal labor adjustment costs and labor gap under flexible prices:
Then we obtain the following expression of RMC:
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By substituting (C4) into (3), we derive the NKPC as follows:
Using the VAR model that is introduced in Sections 3.2, we can express the closed-form solution of (C5) as follows:
The estimation results of (C6) are presented in the Appendix Table. The estimated ξ is quite high in every specification of auxiliary VAR. Therefore, the results indicate that real wage rigidity is important in the calculation of RMC. The fito f the NKPC is shown in the Appendix Figure. By incorporating real wage rigidity, the fit of the NKPC is remarkably improved. This result is essentially the same as the result in Section 3.2. 3 L e i t ha n dM a l l e y[ 2 0 0 7 ]r e p o r tt h a tt h ep a r a m e t e r so ft h eN K P Cf o rt h eU . S .
economy (both in industry-level and aggregate level) are reasonably estimated if the cost of materials, rather than labor share, is used as the proxy for RMC. Our approach is different from theirs because we partially correct labor share by incorporating labor market frictions and the influence of materials prices, rather than perfectly replacing labor share by the costs of materials. However, Leith and Malley [2007] and our study share the idea that obtaining a better proxy for RMC than labor share is crucial for evaluating the performance of the NKPC. 4 In this study, we do not investigate the mechanism of variations of the desired markup, since this issue is still controversial and it is not clear to which model we should particularly pay attention (see the conclusions of Rotemberg and Woodford (1999)). 5 We assume that labor is the only variable production input. Therefore, other 24 inputs, such as capital stock, are assumed to be exogenous and are included in the calculation of A t . 6 As for labor adjustment cost function, some previous studies (such as Batini, Jacksosn, and Nickell (2005)) have specifically focused on the symmetric quadratic form. However, we do not specify the exact form of labor adjustment cost function.
The reason is twofold. First, the argument on whether such a symmetric quadratic form can approximate the aggregate labor adjustment cost function is still highly priority on the use of efficient labor. As a result, in the production margin, the firm must use relatively inefficient labor inputs which require many material inputs to produce one additional unit of gross output. 12 The PVM was used originally by Campbell and Shiller (1987) in the context of stock price determination. 13 Since we assume that (16) is the true data generating process of labor share, we may ignore the endogeneity problem in estimating (18).
14 Woodford (2001) reports that, if the VAR includes labor share and the growth of unit labor cost, the fit of the NKPC is fairly good in the U.S. Rudd and Whelan (2005a) show that including the inflation rate in VAR largely alters the fito fN K P C in the U.S.
15 As Kurmann (2005) point out, standard errors on the estimated coefficients will be underestimated, because we neglect the standard errors in the auxiliary VAR. So, our argument focuses on the fit of the NKPC in the point estimates (expressed as Adj-R 2 ). 16 The sample period is shorter than the previous subsection because we must trunc a t et h es a m p l ei fw es p e c i f yt h ev a l u eo fh as more than 1. Theoretically, h should be infinity. However, the choice of a large value of h reduces the degree of freedom.
So we choose h =10.B u tw eh a v ec o n firmed that the results do not change much as long as we select a sufficiently large h.
17 ζ denotes the steady-state value of ζ t .
18 Mavroeidis (2005) show that the problem of weak identification cannot be ruled out in estimating the NKPC with GMM. He demonstrated that when the model is weakly identified, the GMM estimation will be biased in favor of hybrid NKPC with apparently dominant forward-looking behavior, irrespective of the true nature of the forward and backward-looking dynamics of inflation. 
Note: The NKPC is based on the auxiliary VAR that includes lnS t and EDI t . 
Note: The NKPC is based on the auxiliary VAR that includes ln (S t +ζ t ) and EDI t . 
Note: The NKPC is based on the auxiliary VAR that includes ln (S t ) and EDI t . 
Note: The NKPC is based on the auxiliary VAR that includes ln (S t +ζ t ) and EDI t .
